A concept of an inelastic x-ray scattering (IXS) spectrograph with an imaging analyzer was proposed recently and discussed in a number of publications (see e.g. Ref.1). The imaging analyzer as proposed combines x-ray lenses with highly dispersive crystal optics. It allows conversion of the x-ray energy spectrum into a spatial image with very high energy resolution. However, the presented theoretical analysis of the spectrograph did not take into account details of the scattered radiation source, i.e. sample, and its impact on the spectrograph performance. Using numerical simulations we investigated the influence of the finite sample thickness, the scattering angle and the incident energy detuning on the analyzer image and the ultimate resolution.
INTRODUCTION
Conceptually, a spectrograph is an instrument that separates the incoming electro-magnetic radiation into a frequency spectrum and records the signal using a camera. It allows one to obtain a snapshot of the whole spectrum as an image on a spatially sensitive detector. Contrary to a conventional spectrum analyzer which processes every spectrum point sequentially, the acquisition time of a spectrograph can be drastically reduced. Therefore, it is highly desirable to have a spectrograph with a high energy resolution for inelastic x-ray scattering (IXS) studies. Implementation of an IXS spectrograph in the hard x-ray regime requires the combination of focusing and energy dispersing crystal optics. A proof-of-principle prototype of such a hard x-ray spectrograph with a resolving power of ∆ ⁄ ≳ 10 (at ≃ 9.1 keV) was first demonstrated by Y.Shvyd'ko 2, 3 . To achieve the high resolving power, the monochromator of the spectrograph must have an energy bandwidth of the same order or better. Taking into account weak IXS signal, practical implementation of the IXS spectrograph would require an x-ray source with greatly enhanced spectral flux.
To overcome limitations in spectral resolution and weak signals of the IXS technique, an x-ray echo spectroscopy was recently introduced 1 . The echo spectrograph performs point-to-point focusing of a polychromatic x-ray beam using a defocusing monochromator and a refocusing analyzer. Analysis of the echo spectrograph indicated its theoretical feasibility of achieving the energy resolution of ∆ ≅ 0.1 meV in the hard x-ray range. Utilization of the broadband monochromator and analyzer provides a high gain in the signal strength compared to the other types of IXS spectrometers.
The presented analysis of the echo spectrograph 1 was based on the geometrical optics approximation and used the raytransfer matrix technique to propagate x-rays through the system. It assumes that a hypothetical sample is located in the infinitely thin plane in-between the defocusing monochromator and the refocusing analyzer. However, factors like the finite geometrical dimensions of a sample, the scattering angle and monochromator energy detuning can potentially impact the imaging properties of the echo spectrograph and therefore worsen its energy resolution. In the present paper, we analyze the influence of these factors on the performance of the spectrograph using numerical simulations based on the wave-optical approach to the wave propagation through the system.
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Secondly, the image gets a banana shape due to the propagation of the beam out of the diffraction/dispersion plane. Broadening of the secondary source of scattered x-rays in the horizontal plane introduces an azimuthal angle of incidence to the crystal optics. As a result, the wave vector projection onto the diffraction/dispersion plane gets reduced and leads to the displacement of the beam in the vertical plane. Although this is a second order effect, it needs to be taken into account if one wants to integrate the intensity over the horizontal axis of the detector.
Monochromator energy detuning
With the given parameters of the refocusing analyzer (Table 1 ), its energy bandwidth is about 5.3 meV. To image an inelastic signal with a larger energy transfer, the defocusing monochromator energy has to be detuned. This requires detuning of the angles of incidence of the monochromator crystals. There are four crystals in the monochromator design. While the crystals M1 and M4 have a low reflection order and wide energy bandwidth, the crystals M2 and M3 have a high reflection order and narrow energy bandwidth. The detuning of only the crystals M2 and M3 can change the energy of the monochromatic beam within the range of about 25 meV which is limited by the energy bandwidths of these crystals. The only way to detune the energy of the defocusing monochromator by more than 25 meV is to change the angular positions of all four crystals. In the linear approximation the magnitude of the detuning angle can be derived from the Bragg's law
where ∆ = − , and E 0 are the monochromator detuned and nominal energies respectively, and is the Bragg angle of the reflection.
The detuning of the energy of the defocusing monochromator also changes its cumulative dispersion rate. Figure 4 illustrates the dependence of the cumulative dispersion rate of the monochromator on the energy of the transmitted beam. It has a very close to linear variation in the energy range of about ±250 meV. The variation of the cumulative dispersion rate occurs due to the change of the asymmetry factors of the crystals. In accordance with Eq.1, crystals M2 and M3 require larger angular deviations per same energy detuning than the other two crystals. Also they have much larger asymmetry angles than the other two crystals. Because of this, these two crystals are the main contributors to the dispersion rate variation with energy. Taking into account the identical parameters of crystals M2 and M3, the simplified analytical expression for the dispersion rate variation around the nominal value is
where is the asymmetry factor of the n-th crystal, and and are the asymmetry angle and the Bragg angle of the second crystal respectively. Eq.2 is plotted in the Fig.4 as a red line and provides a very good approximation in a wide energy rage.
Suppose that the monochromator energy was detuned in such a way that the inelastic energy transfer by the sample matches the detuning. Then upstream from the sample the beam central energy is E M , and downstream from the sample the beam central energy is E 0 . The change in the dispersion rate due to the detuning results in a different distribution of the monochromatic components in the sample plane. After the sample, the ultimate deflection of the monochromatic focal spot in the detector plane due to the dispersion rate variation can be expressed as ∆ = ∆ ∆
where ∆ = − is the deviation from the beam central energy and is the focal length of the lens L1. For example, the energy detuning of the defocusing monochromator by 250 meV leads to the deviation of the dispersion rate from the nominal value by about ∆ =-0.4 μrad/meV. As we mentioned earlier, the energy acceptance of the refocusing analyzer is about ±1 meV. Assuming ∆ =1 meV, Eq.3 gives the deflection of the focused beam in the detector plane by about ∆ =-0.3 μm. This is a very small deflection compare to the nominal focal spot size of 2 μm. In addition, integration of the intensity over the accepted energy bandwidth of the analyzer produces a beam spot virtually indistinguishable from that without the detuning of the monochromator energy.
CONCLUSIONS
The newly proposed echo spectrograph was tested numerically under conditions close to a real IXS experiment. The simulated scattering from a hypothetical sample with a finite thickness and a non-zero scattering angle demonstrated the ability of the spectrograph to maintain its high energy resolution in a wide range of the varied parameters. To a large extent, this was ensured by the long focal distances, f 2 and f 3 , and small cumulative asymmetry factor, b A , of the refocusing analyzer. The long focal distances make the analyzer insensitive to the variation of scattering plane distance within several millimeters. The small cumulative asymmetry factor make the analyzer insensitive to the dispersion rate variation due to the monochromator energy detuning. One of the potential advantages of the proposed spectrograph is the opportunity to make the compact analyzer design. However, this can only be done at the expense of the solid angle acceptance of the analyzer. For example, with the grazing angle of 3⁰ the 200 mm long crystals A2 and A3 can accept a Δ 2 =10 mm incident beam. Then, the dimension of the accepted beam upstream from the crystal A1 is reduced to Δ 1 =b A1 Δ 2 =1 mm. With the focal length f 2 =0.4 m of the collimating lens L2 the angular acceptance of the analyzer is limited to Δ 1 /f 2 =2.5 mrad. This number is far smaller than that of the other types of the IXS spectrometers. Another inconvenient feature of the spectrograph is the diminution of the image intensity with the secondary source expansion. While the integrated intensity of the analyzer image is conserved, the intensity per unit area of the position sensitive detector depends on the dimensions of the secondary source in the sample plane. Depending on the sample thickness and scattering angle, the transverse dimension of the secondary source can be significantly extended. As a result, the intensity in the detector plane can be diminished by an order or more of the magnitude.
